The necessity for more bio-based building blocks and processes have led to utilizing new polymerization approaches with a lower carbon footprint. Here, we demonstrate the synthesis of a visible-light-induced dithiol−ene clicking reaction between lignocellulosic biomass-derivable 4pentenoic acid (4-PEA) and different dithiols, i.e., 1,2-ethanedithiol (EDT), 2,2-(ethylenedioxy)diethanethiol (EDDT), and 1,4-benzenedimethanethiol (BDT), using graphitic carbon nitride (g-CN) as a metal-free photocatalyst. The formation of dicarboxylic acid functional monomers were confirmed using 1 H NMR and FT-IR. Furthermore, polyamides were synthesized from the dicarboxylic acid functional monomers to demonstrate the applicability of the monomers yielding new polyamide end polymers.
■ INTRODUCTION
In order to reduce the dependency on fossil resources, the synthesis of biobased building blocks from renewable resources is of a great interest. 1 Lignocellulosic biomass, i.e., a mixture of cellulose, hemicellulose, and lignin as found in wood or bagasse, is a promising starting product owing to its low costs, availability, functionality, and reactivity. 2 In this context, a wide range of building blocks was already derived from lignocellulosic biomass, such as levulinic acid, γ-valerolactone (GVL), 5hydroxymethylfuran, and 2,5-dimethylfuran. GVL is especially easy to synthesize and already a platform chemical. 3 In the presence of an acid catalyst, GVL undergoes a ring-opening reaction to pentenoic acid isomers, i.e., 2-, 3-, and 4-pentenoic acid (PEAs), which are relevant for fragrance or the pharmaceutical industry. 4−6 Additionally, PEAs have been already explored as a starting material for the synthesis of different biobased monomers and polymers, e.g., adipic acid, C6−C8 unsaturated carboxylic acids, amides, and esters. 7−10 Among PEAs, 4-pentenoic acid (4-PEA) possesses the potential to produce a new biomass-derived dicarboxylic acid via thiol−ene click chemistry. Such dicarboxylic acid monomers can be condensed with diamines for polyamide synthesis. 11 Click chemistry offers an unique platform for the efficient synthesis of functional small molecules and polymers. 12, 13 Specifically, thiol−ene clicking grants covalent connection of ene-functionalities with thiol groups with practically perfect yields under green conditions. 14 This chemistry is generally mediated via typical radical thermal initiators such as azobis(isobutyronitrile) (AIBN) 15 or light-induced reactions by utilizing light-absorbing metal compounds, e.g., TiO 2 and (Ru(bpz) 3 2+ ). 16, 17 Very recently, ZnIn 2 S 4 was introduced as a visible light photocatalyst for thiol clicking reactions and showed potential for alkyne−thiol addition. However, the yields of alkene−thiol addition were considerably low despite long reaction periods (15 h) and a small amount of reactant (in mmol range). 18 The versatility of thiol−ene clicking could be extended to more green conditions via utilization of visible light and metal-free catalysts while targeting high yields in a short reaction time and possible scalability. The discussed alternative, graphitic carbon nitride (g-CN), is a metal-free semiconductor which is synthesized from low-cost and abundant precursors, 19 and its photoactivity in the visible range already enabled many interesting applications, i.e., utilizing g-CN as a heterogeneous photocatalyst for organic reactions, 20 photoelectrochemistry, 21,22 CO 2 reduction, 23 water splitting, 24, 25 or polymer photoinitiator. 26, 27 In the present context, there is only one report on photoinduced Cu-mediated azide−alkyne cycloaddition utilizing g-CN as the photocatalyst. 28 Inspired from the photochemistry of g-CN, here, for the first time, we report on the visible-light-induced dithiol−ene click chemistry between biomass-derivable 4-PEA and 1,2-ethanedithiol (EDT), 2,2-(ethylenedioxy)diethanethiol (EDDT), and 1,4-benzenedimethanethiol (BDT), employing g-CN as a metal-free photocatalyst (Scheme 1). Furthermore, the synthesis of polyamides from the derived functional dicarboxylic acid was investigated.
■ RESULTS AND DISCUSSION g-CN was synthesized by thermal condensation of a cyanuric acid−melamine complex as reported previously. 29, 30 Solid state UV−vis spectra shows absorbance of g-CN within a visiblelight range, and X-ray diffraction (XRD) presents the typical stacking at 2θ of 13°and 27°, which corresponds to intraplanar and interplanar repeat periods ( Figure S1 ).
Dithiol−Ene Clicking Reactions. 4-PEA as being simply available from lignocellulosic biomass was chosen as an exemplary "ene" molecule owing to its functional carboxylic acid group as well as a double bond at the terminal position.
Additionally, dithiol compounds with different main chains (EDT, EDDT, and BDT) were selected to perform dithiol− ene clicking for the formation of functional dicarboxylic acid monomers which are given the following code in the manuscript: P-EDT, P-EDDT, and P-BDT (Scheme 1, cf. SI for experimental details and reaction conditions). The formation of the dicarboxylic acid monomers (P-EDT, P-EDDT, and P-BDT) was confirmed by 1 H NMR (Figure 1a− c). As can be seen clearly from the 1 H NMR spectra, the peaks at chemical shifts of 5.02 and 5.07 ppm for −CH 2 and 5.82 ppm that belong to −CH groups in 4-PEA are completely 
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Letter absent in the formed monomers. Characteristic peaks arising from dithiol compounds are still present in the formed monomers, which indicate the successful clicking reactions. Furthermore, FT-IR spectra for the synthesized monomers show characteristic bands for the O−H stretch (3300−2500 cm −1 ), CO stretch (1760−1690 cm −1 ), C−O stretch (1320−1210 cm −1 ), and O−H bend (1440−1395 cm −1 and 950−910 cm −1 ) ( Figures S2−S4a) . Alternatively, the TGA measurements show the high thermal stability of the synthesized monomers (P-EDT, P-EDDT, and P-BDT), the decomposition of which starts at 573 K ( Figures S2−S4b) . These results conclude that 4-PEA can be efficiently clicked with different dithiol compounds in high yields and purities toward rather clean dicarboxylic acids.
In order to understand the dithiol−ene clicking mechanism, a reaction between 4-PEA and EDT was chosen as a reference system. A mixture consisting g-CN (100 mg), 4-PEA (20 g), and EDT (9.4 g) in ethanol (20 cm 3 ) was stirred for 5 h in the dark; then, subsequently the 1 H NMR of solution was investigated ( Figure S5 ). As expected, the reaction in the dark did not promote any bond formation between dithiol and ene compounds as 1 H NMR spectra are similar to the one of the initial mixture ( Figure S6a ). Therefore, light irradiation is a crucial factor to initiate the reaction. Based on the previous mechanistic studies, the thiol−ene clicking reaction was proven to proceed through a radical pathway. 18 The visible-lightinduced reaction between 4-PEA and the different dithiols in the presence of g-CN as a photocatalyst follows the radical mechanism as described in Scheme S1. In detail, the visiblelight irradiation generates electrons and holes on g-CN. The photoformed electrons react with the thiol groups to develop a thiyl radical anion, where anionic thiyl couples with holes to close the photoredox cycle. The radical thiyls are added to the alkene group of 4-PEA, and proton abstraction propagates the radical pathway. In summary, thiol−ene click chemistry follows a radical pathway, and common thermal initiators like AIBN have a high cost and are single use only. However, g-CN offers an alternative solution by being a metal-free and cheap photocatalyst, initiating a photoredox cycle upon visible-light irradiation, and as being a heterogeneous photocatalyst, it promises more than single-time usage.
As a click reaction is visible-light mediated, light on−off cycles were performed in order to investigate the reaction activity in the dark. For this purpose, P-EDT synthesis was chosen as the model reaction for the dithiol−ene click reaction (cf. SI for experimental details). For the ease of investigation, the chemical shift (12.2 ppm) of the 1 H NMR for the proton of the carboxylic acid group of 4-PEA was followed as the reference for the reaction progress; it is expected not to undergo any change and/or consumption. Consumed double bond hydrogens of 4-PEA (5.02 and 5.07 ppm) were noted and related to conversion of 4-PEA ( 1 H NMR spectra of light on−off experiments are presented in Figure S6 ). Within the first 2 h under visible-light illumination, a 77% conversion of 4-PEA to P-EDT was observed, and 1 h of continuous stirring in the dark increased the conversion up to 79%, which confirms the necessity of light illumination for the reaction to proceed efficiently ( Figure 2 ). Irradiation of the mixture via visible light for the next hour (after 4 h) enhanced the conversion up to 96%. However, by stirring the mixture subsequently 1 h in the dark (after 5 h in total), the conversion of 4-PEA to P-EDT was increased only by another 1% (conversion after 5 h is 97%). Additionally, XRD of g-CN after the photocatalytic reaction presents a similar profile as the fresh one, which underlines the stability of g-CN after 5 h of photocatalytic reaction ( Figure S7 ), as otherwise structural changes are observable via XRD. 31 XPS was conducted for freshly synthesized ( Figure S8a ) and isolated g-CN after the photocatalytic reaction ( Figure S8b ), which shows similar C 1s and N 1s spectra and similar as reported in the literature, 32 as another indication for the stability of the catalyst.
The effect of photocatalyst amount was investigated via taking P-EDDT synthesis as a model reaction. In this regard, the amounts of 4-PEA and EDDT were kept constant, while only the g-CN amount was tripled, and the mixture was irradiated for 3 h. Both 1 H NMR spectra presented similar peaks with high conversion values, where the conversion difference between the two systems was less than 5% ( Figure  S9 ). These results indicate that the photoactivity of g-CN saturates and relies on little catalyst, as even 0.15 wt % g-CN is enough to catalyze the visible-light-induced dithiol−ene clicking reaction with high efficiencies in short times. This is expected for such very active photoabsorbers.
The structure of P-EDDT is slightly similar to poloxamer compounds, which are ABA-type block copolymer-based surfactants with significant industrial interest. 33 Indeed, not only the monomer but also the viscous polymer liquid P-EDDT can be utilized directly as a surfactant to form oil in water emulsions ( Figure S10) .
Polyamides from Synthesized Functionalized Dicarboxylic Acids. The dicarboxylic acid functional monomers were then utilized for polymer synthesis. For this purpose, polyamide synthesis from P-EDT, P-EDDT, and P-BDT monomers was investigated (see SI for detailed polyamides synthesis procedure and Figure S11 for digital images of polymers). Polymerization via condensation reactions using azeotropic distillation in a Dean−Stark setup with toluene at 403 K for 16 h without any catalyst was performed. The choice of diamine is varied to give different main chain structures with linear, amphiphilic ethylenedioxy, and aromatic units. The synthesized polymers are annotated as poly(P-EDT), poly(P-EDDT), and poly(P-BDT) in this manuscript. For the monomer (P-EDT), polymerization with 1,6-hexamethylenediamine yielded a polymer with an average molecular weight (M w ) of 9650 g mol −1 and molecular dispersities (Đ) of a 1.90 
Letter derived size exclusion chromatography (Figure 3a) . Additionally, TGA of poly(P-EDT) showed thermal stability up to 573 K, where significant mass loss starts around 603 K with less than 3% remaining at 773 K ( Figure S12 ). Moreover, TGA showed that the thermal stability has been improved (373 K) upon polymerization of P-EDT ( Figures S2a and S12 ). Differential scanning calorimetry (DSC) for the synthesized polymer, i.e., poly(P-EDT), showed a double meeting peaks which correspond to the presence of multiple phase and different crystallinity ( Figure S13a) . Also, the presence of the impurities upon removing the solvent can be another reason for these peaks. Thus, the glass transition temperature (T g ) cannot be identified. Furthermore, FT-IR spectra of poly(P-EDT) presents a carboxyl peak around 1650 cm −1 and retains the main chain vibrations compared to P-EDT ( Figure S14a ). However, new peaks arising from the amide bond formation were observed (at 3300 cm −1 ), which confirms the polyamide formation. XRD investigation was performed for poly(P-EDT) as polyamides, in general, possess partial crystallinity. In addition to the amorphous side, poly(P-EDT) also demonstrates crystalline domains, even though less pronounced, indicating a semicrystalline polymer character ( Figure S15a) . Partial crystallinity is a mandatory requirement for polyamides to be technologically useful, extending the application range up to slightly below the melting point.
Polymerization of P-EDDT was performed with Jeffamine T-403 in order to introduce ethylenedioxy-based repeating units in the synthesized polyamide. The resulting polymer was a highly viscous brown liquid ( Figure S11) , where SEC has presented a polymer with M w of 5120 g mol −1 and Đ of 1.96, viz in Figure 3b . The poly(P-EDDT) demonstrated high thermal stability which is comparable to poly(P-EDT), up to 573 K and less than 3 wt % remaining at 773 K ( Figure S12 ). Since poly(P-EDDT) is a viscous liquid, it comes with a low T g value (around 309 K) confirmed by DSC ( Figure S13b) . Additionally, FT-IR spectra of poly(P-EDDT) showed a typical carboxyl absorbance band at 1650 cm −1 and retained the main chain vibrations, especially etheric C−O stretching at 1050 cm −1 , compared to P-EDDT ( Figure S14b ). However, new peaks arising from amide bond formation were observed (mainly at a wavenumber of 3300 cm −1 ). The XRD profile of liquid poly(P-EDDT) reflects a locally amorphous structure ( Figure S15b) . In order to explore the flow behavior of poly(P-EDDT), viscosity was investigated via rheology ( Figure S16a ). The poly(P-EDDT) possessed a dilatant (shear thickening) behavior, in which the amorphous polymer chains even undergo flocculation upon increased shear ( Figure S16b ). This is a typical for amphiphilic block copolymers with rheoordering. On the other hand, increasing the temperature resulted in a dramatic decrease in the polymer viscosity.
Polymerization of P-BDT was also performed with phenylene diamine to present an aramide-type polymer. However, the investigation of molecular weight and polydispersity of the synthesized polymer, i.e., poly(P-BDT), via SEC was not possible due to the insolubility of the crystalline domains in any solvent, e.g., N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF), and water, in which SEC can be measured. Nevertheless, poly(P-BDT) presented a lower thermal stability with respect to poly(P-EDT) and poly(P-EDDT), despite more solid content retained above 773 K ( Figure S12 ). Similarly to poly(P-EDT), the synthesized polymer showed double meeting peaks that can correspond to the multiple phases with different crystallinity. In this context, the T g value cannot be identified ( Figure S13c ). Also, FT-IR spectra of poly(P-BDT) showed a carboxyl vibration band around 1650 cm −1 , and the main chain vibrations remain preserved, especially benzylic stretchings at 750 and 1400−1600 cm −1 , compared to P-BDT ( Figure S14c ). Amide bond formation was confirmed also via FT-IR by the appearance of the absorbance band mainly at 3300 cm −1 . The XRD diffraction pattern of poly(P-BDT) showed a semicrystalline structure ( Figure S15c ) due to strong π−π aromatic stackings and inhibition of amorphous polymer domains.
■ CONCLUSION
The future biomass platform molecule 4-pentenoic acid was used in a green, sustainable, and cost-efficient synthesis, based on a visible-light-induced dithiol−ene click reaction using metal-free g-CN as a photocatalyst. The utilization of three different dithiol compounds for the synthesis of functional dicarboxylic acids resulted in the formation of functional dicarboxylic acid monomers in complete yield and high purity and illustrated the versatility of this reaction. In the presence of g-CN, light irradiation is crucial to accelerate the clicking reaction between 4-pentenoic acid and dithiol compounds via radical mechanism. Polycondensation with structurally similar Figure 3 . SEC traces of (a) poly(P-EDT) was synthesized using P-EDT (0.01 mol) and 1,6-hexamethylenediamine (0.01 mol). (b) Poly(P-EDDT) was synthesized using P-EDDT (0.01 mol) and Jeffamine T-403 (0.01 mol). The samples were measured via NMP as solvent relative to polystyrene to calibrate the column.
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Letter diamine compounds was applied to synthesize polyamides. The linear and aromatic compounds exhibited a high glass transition temperature (373 K). Alternatively, the monomercontaining ethylenedioxy unit can act as a surfactant to stabilize oil/water emulsions. This study is envisaging the way for broadening the utilization of g-CN as a photocatalyst in sustainable processes.
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